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ABSTRACT

The goal of this work was to develop an understanding of the interfacial bonding

in carbon fiber/PMR-15 polyimide composites. This understanding would provide

a basis for interracial tailoring to improve the bond strength and the thermo-

oxidative stability of the composite. A variety of methods were used to

characterize the bond strength, the thermo-oxidative stability, the polar nature of

the surface of the carbon fibers, and the fine-scale structure/morphology of the

fibers. Some of the work was carried out collaboratively with NASA Lewis

researchers and some NASA Lewis facilities were used on occasion. The results

show that the interfacial bonding is primarily dipolar between dipoles in the

matrix and dipoles on the fiber surface. The concentration of the latter has been

measured and the interlaminar shear strength (ILSS) has been shown to be linearly

proportional to the increase of the polar concentration on the surface. This

suggests the possibility of a limiting value of ILSS associated with dipoles. The

mass loss and the decrease of bonding with time of aging in air at 316 ° C decrease

with increasing concentration of dipoles on the surface. The nature of the fiber

surface has been characterized qualitatively and quantitatively. The results

indicate that the morphological features containing the bonding sites for the polar

groups are at dimensional scales less than 25 nm. Some of these sites have been

identified by AFM and STM at this scale as well as at the scale of atomic-

resolution. Details of these and many other observations are given in the attached

reports.
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Abstract- Atomic force microscopy (AFM) has been used to study the surfaces of a series of

PAN-based carbon fibers in order to gain a better understanding of their interfacial interactions

with PMR-15 polyimide. Digitized AFM data yield surface topographic images together with

surface parameters, such as, average roughness (P,0, area (At), and fractal dimension (Fo). The

results show that the correlation between dipole components on the surface and the initial

interlaminar shear strength (ILSS) of the composites is quadratic. Previous [1] correlations of

roughness with dipole components on the fiber surfaces as well as, therefore, with the ILSS of the

composites are not as satisfactory when extended to additional types of fibers. The other surface

parameters above are shown also to correlate for some types of fibers, but not as well for others.

The results suggest that better correlations of surface morphology with ILSS might be obtained

by examining the surface at dimensional scales below 25 nm. In general, interfacial adhesion can

be enhanced by increasing surface roughness to provide not only greater mechanical interlocking,

but also greater dipolar bonding with the matrix through polar moieties attached to the basal plane

edges exposed by roughness.

Keywords: AFM; carbon fiber; composite; PMR-15 polyimide; interfacial bonding; surface

roughness; dipole interaction; surface area; fractal dimension; interlaminar shear strength; thermo-

oxidative stability.
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Carbon fibers are important materials for advanced composites. They find wide applications in

aerospace, recreational, and transportation markets because of their high specific strengths and

moduli. The mechanical and physico-chemical properties of the fibers depend on the type of the

precursor, manufacturing conditions, subsequent processing methods and other factors [1-3]. The

structure is fairly well documented [2-4]. With a polymer matrix, such as polyimides, carbon-

fiber reinforced composites are suitable for applications for which strength, stiffness, light weight,

high temperature resistance, chemical inertness, and good fatigue characteristics are required [4].

Advanced composites have been used increasingly in applications requiring the properties

mentioned above [5]. Properties of the composites depend not only on the properties of the fibers

and bulk matrix, but also on interfacial adhesion between them. The strength of adhesion at

interfaces is determined by the types and degree of bonding between the fiber and the matrix.

Possible mechanisms of carbon fiber-polymer matrix adhesion are believed to be: (a) covalent

bonding, (b) dipole-dipole interaction, ( c ) dispersive interaction, and (d) mechanical interlocking

[6]. The interfacial adhesion is expected to depend considerably on the quality and functionality

of the fiber surface as well as the chemistry of the polymer matrix which helps to determine the

first three mechanisms. The surface roughness as well as porosity of the fiber also can affect the

degree of mechanical interlocking.
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The interfacialinteractionsbetweenthefiber andthematrix arenotcompletelyunderstood. For

example, one type of carbon fiber can exhibit better thermo-oxidativestability at high

temperaturesthan another,but the stability can be reversedwhen they are incorporatedin a

polyimide matrix [7]. A betterunderstandingof thefiber-matrix interactionsis crucial for the

provisionof abasisfor interfacetailoringto enhancetheperformanceof theadvancedcomposites.

Scanningprobemicroscopybeganto bedevelopedwith the inventionof thescanningtunneling

microscope(STM) in 1982[8]. Its successhasled to the inventionof a host of other scanning

probe microscopes, which rely on mechanically scanning a sensing tip over a sample surface. The

atomic force microscope (AFM), also known as the scanning force microscope is one of the most

successful of these new devices [9]. Both STM and AFM offer great promise for the investigation

of surfaces to the atomic level which has not been readily accessible by other techniques.

However, AFM has more general applicability because electrical conductivity of the investigated

sample is an important requirement for STM, but is not necessary for AFM. The AFM provides

three-dimensional data on surface topography. The digitized image data can be analyzed readily

by surface analysis software to obtain surface parameters, such as, average surface roughness

(R_, surface area (A_), fractal dimension (Fd), etc.

In this work, the AFM is used to investigate the surface topography of various commercially

available PAN-based fibers in order to gain a better understanding of the bonding mechanisms

involved in carbon fiber/PMR-15 composites. The present research is focused on extending our

previous work [1, 10, 11]. It has been shown that the polar component on the fiber surfaces
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(characterizedaspercentweighteddipole moment- % WDM and % polarenergy) is correlated

well with the interlaminarshearstrength(ILSS)andthermo-oxidativestability of thecomposites

[1,10,11]. This suggeststhat the interfacial adhesionof the compositescan beenhancedby

increasingdipole-dipoleinteractionsbetweenthematrix andthe fiber surface. Sincethepolar

moietiesaremostlikely attachedat theexposededgesof thebasalplanesof thecarbon,aquestion

occursasto whereon thesurfacetheseedgesareexposed. It might beexpectedthat theywould

be found in the roughasperitiesof thesurface. If this is correct, theroughnesswouldnot only

playa role in mechanicalinterlocking,but wouldalsocontributeto polarbondingwith thematrix.

Our previouswork hasshowna correlationbetweenroughnessandthepolar componentof the

surfaces(andtherefore,with ILSS)[1]. In thisnote,we extendthatwork to othertypesof carbon

fibers and also extendour work on the effect of dipolar bonding on the ILSS and thermo-

oxidativestability of thecomposites[1].

2. EXPERIMENTAL

2. I. Materials

A number of PAN-based fibers were studied : G30-500, G40-600, G40-700, G40-800 (BASF

Structure Materials, Inc.), T650-35, T40-R (Amoco Performance Products, Inc.), AU4 and AS4

(Hercules, Inc.). All were unsized with commercial surface treatment (electrochemical oxidation)

except AU4 which was both unsized and untreated. Manufacturers' data for all specified less than

0.01% Na, a number confirmed by XPS. No special sample preparation was needed for the AFM

except to handle the fibers in a manner to prevent the deposition of impurities on them. The
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fibersweremountedonsampleholderdiskswith athermoplasticadhesive,Tempfix" (Structure

Probe, Inc.). Laminateswere fabricatedaccording to a processdescribedelsewhere[12].

Specimensfor isothermalagingweretakenfrom void-flee portions.

2.2. Methods

2.2.1. Atomic force microscopy (AFM). A commercial AFM, TopoMetrix ® TMX-2000

(TopoMetrix Inc., Santa Clara, California, USA), was used at ambient conditions to image the

surface topography. The probe stage was mounted on a home-made anti-vibration platform

comprising a heavy stone hung from bungee cords in order to reduce unwanted motions of the tip

relative to the sample. Tips with a high aspect ratio of 10 to 1 and a radius of 10 nm were used.

The geometry of the probe tips is especially important to the quality of the AFM images on a

rough surface [10]. A ten t_m scanner was used in the constant force mode on the 1-5 /zm

observation scale, and a one #m scanner was used in the variable force mode for scanning high

resolution images. The line scan rate was set to be 3 Hz to collect 200 x 200 data points per

image. To minimize sample damage, the force used at the cantilever was set very low (in the

range of 10l°N).

2.2.2 Isothermal Aging

Forced air convection ovens were used for long-term exposure at 316 ° C. Weight loss

measurements were made on samples removed from the ovens after various time intervals

throughout the exposure periods. Interlaminar shear strength tests were performed according to
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ASTMD-2344. End crosssectionswerepolishedin the metallographicstyle and imagedin a

CambridgeStereascan200 scanningelectronmicroscope(SEM).

3. RESULTS AND DISCUSSION

3.1 Thermo-oxidative aging

Figure 1 shows the ILSS and Fig. 2 the weight loss as a function of % WDM and extended aging

time to 1200 hours. Fibers with a higher % WDM exhibit a greater initial ILSS. Further, those

with a higher % WDM lose both mass and ILSS more slowly with time. More importantly, these

two effects appear to be interrelated. Figure 3 shows typical electron micrographs of cross

sections of the AU4 and AS 4 composites after 600 hours of aging. The former which has the

lower % WDM has lost much of its ILSS and cracks have developed around the fibers. However,

the AS4 composite which has a stronger interfacial bond has not yet lost so much of its bond

strength and has developed fewer and smaller cracks. After 900 hours it has done both.

Moreover, both composites qualitatively appear to lose mass more rapidly after the ILSS has

dropped considerably (600 h for AU4 and 900 h for AS4). This is consistent with the possibility

that after the interfacial bonds break (lowering the ILSS), oxygen can diffuse along the interface

forming the cracks and increasing the rate of mass loss.

Figure 4 shows the relationship between % WDM and initial ILSS in more detail than does Fig.

1. The effect of increasing % WDM on ILSS is less at higher values than at lower ones

suggesting the possibility of a limiting value of ILSS. Figure 5 is consistent with this possibility.
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Thegraphof ILSSvs. Reciprocal% WDM is astraightline whichextrapolatesto a limiting value

of about170Mpa. A possibleexplanationof thisobservationis thatthe increasingconcentration

of dipoles on the fiber surfacesaturatesthe possible interactionswith the dipoles on the

surroundingmatrix. Therearesomepossiblecomplicationsto be remembered.For example,

there are hydroxyl, carbonyl and carboxyl polar groupson the fibers.[1] As the % WDM

increasesin Figs. 4 & 5, the relativeamountof eachis changing.[1,13] Thus, a changing%

WDM which is a single variable in Figs. 4 & 5 really involves a changingratio of the

concentrationof threemoietieseachof which hasadifferent dipolemoment. Nevertheless,the

resultsin Fig. 5 areencouraging.Theycertainlysuggesta limiting valueof ILSS. In turn, this

suggeststhat, beyondsomevalueof % WDM, it is necessaryto increasethe concentrationof

dipolesin thematrix to increasetheILSS.

3.2.1 AFM

To examine the question concerning the location of the exposed basal plane edges to which polar

groups attach during surface treatment, previous AFM investigations [1] were extended to more

fibers and more surface parameters. Figure 6 shows a typical image of an AU4 fiber. Extrusion

marks running parallel to the fiber axis and particles from the fiber manufacturing process can be

seen clearly in most of the images. The particles are not expected to be airborne impurities or

contamination deposited after manufacturing. They are firmly embedded in the fiber surface.

The number of particles found in each type of fiber decreases as the strength of the fiber examined

increases. This might be expected since impurity particles on and in PAN-based fibers are the

main source of "flaws" limiting the strengths of the fibers [2]. As the magnification was
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increased,grain-typestructuresof differentsizesandshapeswerefound. A typicalvariableforce

imagerevealinggrainson thesurfaceof anAS4fiber is shownin Fig. 7. Note that the grooves

betweengrainsare shallowand difficult to observein constantforce images. The grains are

similar to thoseobservedon T300, G40-600,G40-800andM40 PAN-basedfibers [10, 14].

3.2.2 Surface Characterization

The average roughness (Ra) can be defined as the arithmetic mean of the absolute values of

departures of the roughness profile from the mean height of the surface with respect to a reference

value. The roughness was determined for square scanning areas of 4, 9, and 25 tzm z. For each

size, images of eight randomly selected areas were obtained. In order to reduce the effect of the

curved surface of the fiber on the roughness measurement, each image was "flattened" by fitting

a second order equation to the height of the image and subtracting it from the digitized data [15].

Six scan lines perpendicular to the fiber axis were selected randomly for each image and used to

analyze the roughness. As expected, the larger scanning areas had greater apparent roughness

because the second order flattening did not completely remove the effects of curvature. Further,

the fibers were not perfectly circular. Therefore, extrapolations of the plots of surface roughness

vs scanning area to zero scanning area were performed in order to eliminate the effect of residual

curvature [1]. Note that the lateral extent of the smallest scanning area was larger than that of the

largest observed roughness features. An extrapolation of the roughness for the G40-800 fiber is

shown in Fig. 8. The images of additional scanned areas were taken and analyzed to determine

that the extrapolation was better performed vs the scanned area than the scanned length. The

results in Fig. 9 show that the roughness of the fibers no longer correlates linearly with % WDM
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Therearea numberof possible reasons for this

For example, the correlation might be complicated by the effects of other bonding mechanisms.

Thus, roughness could contribute to mechanical interlocking as well as expose sites for the

attachment of dipoles. However, attempts to fit the ILSS values to a quadratic in % WDM and

P_ did not resolve the question. The fit was unsatisfactory.

characterization of surface topology might be required.

Another possibility is that a different

One can imagine that R_ might not

correlate well with the % WDM and ILSS since it does not differentiate between a variety of

feature sizes on the surface. For example, two surfaces might have the same average amplitude

of roughness, but one could have roughness of a short lateral extent or "wavelength" and the other

a long one. Even though the two surfaces have the same value of R_, these different morphologies

might expose different amounts of surface area and basal plane edges. Such a difference might

exist between the G/T fibers and the A fibers. Therefore, surface area was considered. It can

be calculated approximately by transforming the digitized AFM data into x, y, and z

coordinations, and calculating the area as the cross product between two vectors, u and v,

connecting sequential points of the image in the two directions of the scanning grid. [16]

Area : [ u x v = Ax Ay _(Oz/Ox)Z+(Oz/Oy)2 (I)

Here ,,x and ,,y are the horizontal step sizes in the grid directions. Note that the area calculated

by the opposite ends of the grid might not be equal, so the reported area is the average of both

calculated values which differed little. In order to normalize the areas of the fibers, an "ideal"
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or basal area, defined by the lateral and longitudinal displacements of the scanner was determined.

The calculated areas were then reduced by this area and divided by it for normalization. The

result is reported as "normalized excess surface area". As for R_, the normalized excess areas of

4, 9, and 25 #m z scans were calculated and extrapolated to zero scanning area to eliminate the

curvature effect. The plot of normalized excess surface area vs % WDM is shown in Fig. 10.

Again, there is reasonable correlation for the G and T fibers, but the A fibers deviate to an

unsatisfactory extent.

Another method of characterizing a surface is by fractal analysis. It permits a more detailed

analysis of the roughness spectrum than most conventional roughness parameters which, in many

cases, characterize a complex surface roughness by one number [17]. Fractal analysis

characterizes a line profile by a number which can vary from one to two with one corresponding

to a straight line and non-integral values greater than one corresponding to a line with a fractal

roughness [18]. Further, this analysis of the roughness can be carried out on different

dimensional scales and the results have been shown to be directly correlated with observable

phenomena such as cleanability, corrosion, and adsorption [17,19,20]. In this work, the fractal

dimension of lines across the images were determined via the "box counting" method [15]. The

roughness profile is covered by a set of "boxes" and a count is made of the boxes that contain the

profile. The slope of the curve of log box size vs log counts is the fractal dimension (Fg. The

plot is often referred to as the "Richardson Plot"which gives F_ as a function of feature (box) size.

The analysis was carried out for box sizes in 100 nm increments from 200 to 500 nm for the 25

#m 2 images. The analysis was carried out for box sizes of 25-50 nm and then in 50 nm
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incrementsfrom 50 to 300nm for the4/zmzimages. As expected,theFd increases as the feature

size increases. However, the fractal dimensions of all the fibers are similar and exhibit little, if

any, correlation with % WDM. These results suggest that if there is a correlation of Fd with %

WDM it lies at a dimensional scale less than 25 nm.

4. CONCLUSION

Dipole interactions govern the ILSS and the thermo-oxidative stability of PMR-15/carbon fiber

composites. The correlation between the inverse of the % WDM of the surface and the initial

ILSS linear indicating a limiting value of the ILSS of about 170 MPa. Further increases of the

ILSS require an increase of the polar components in the matrix. It is expected that the dipolar

moieties are bonded to the surface at the exposed edges of the basal planes of the carbon crystals.

However, a variety of surface characterization parameters (roughness, fractional excess surface

area and fractal dimensions) do not correlate well with the % WDM. The results suggest that to

identify the sites for bonding of the dipoles, the surface of the fibers should be examined at a

smaller dimensional scale than about 25 nm. To do this on the rough fiber surface requires the

use of the higher resolution of STM.
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ILSSof carbonfiber/PMR-15compositesaftervariousthermo-oxidativeexposures

at 316° C. Eachpoint representstheaverageof resultsfor six specimens.Error

barsof approximately+ 6 MPa for ILSS and + 3 for % WDM are not shown.

Weight Loss of carbon fiber/PMR-15 composites after various thermo-oxidative

exposures at 316 ° C. Each point represents the average of results for four

specimens. The error bars for Weight Loss lie within the symbols.

End views of AU4/PMR-15 and AS4/PMR-15 composites after 600 hours of

thermo-oxidative exposure at 316 ° C. The symbols F, P and C mark the carbon

fibers, polymer matrix and cracks, respectively.

ILSS of carbon fiber/PMR-15 composite as a function of % WDM.

ILSS of carbon fiber/PMR-15 composite as a function of reciprocal % WDM.

AFM constant force image of AU4 CF showing extrusion marks and dirt on a 2

/zm x 2 #m scanning area. The fiber axis is parallel to the extrusion marks.

AFM variable force image of AS4 CF revealing grains on a 1 _zm x 1/.zm scanning

area. The fiber axis is parallel to the extrusion marks.

Average roughness of G40-800 fibers as a function of scanning area.

Average roughness at zero scanning area as a function of % WDM. The error bars

represent the uncertainty of the intercept in the extrapolation to zero scanning area

on graphs similar to the one in Figure 7. Scanning areas of 4, 9 and 25/.zm 2 were

used for the extrapolation.

Normalized excess surface area at zero scanning area as a function of % WDM.
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